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ELEVATION DIFFERENCES ON  MAR^ 
2 3 Car l  Sagan and James  B. Pollack 
1. INTRODUCTION 
Apart f rom the polar caps, Mars  is divided into so-called bright 
The bright a r eas  have a visual albedo of some 15% and dark  a reas .  
and a r e  colored a dull orange ochre.  
a r e a  mater ia l  into the nearby dark a r e a s  (see,  e. g . ,  Slipher, 1962), 
polar imetr ic  observations (Dollfus, 1957), and infrared radiom- 
e t r y  a s  a function of Martian local t ime (Sinton and Strong, 1960) 
a l l  show the bright a r e a s  to be composed of finely pulverized mater ia l ;  
f o r  this reason they a r e  usually described a s  deser ts .  The dark a r e a s  
have a visual albedo lower by several  percent, and to many recent 
observers  (Kuiper, 1957) have a gray-orange tint - although ea r ly  
observers  (see,  e. g. , Antoniadi, 1930) regularly reported vivid greens 
and other hues, which were  sometimes attributed to  biological activity 
on Mars. 
Temporary incursions of bright-  
The prevailing opinion of most  observers  of Mars ,  for almost a 
century, has been that the dark a r e a s  a r e  lowlands and the bright a r e a s  
highlands. The curious resulting implication that fine particles of dust 
a r e  preferentially present in the highlands does not seem to have been 
generally remarked upon. At the turn of the century, observations 
were  performed of orange-ochre mater ia l  beyond the Martian terminator 
ana above bright a r e a s  - evident ly  being - st ruck obliquely by the Sun's 
'This r e s e a r c h  was supported in pa r t  through Grant NGR-09-015-023 
2 
3Smithsonian Astrophysical Observatory and Harvard College Observatory. 
f r o m  the National Aeronautics and Space Administration. 
Harvard University and Smithsonian Astrophysical Observatory. 
-1 - 
rays.  Although it was soon concluded that a dust cloud had been viewed 
(Lowell, 1906), a connection between bright a r e a s  and elevations seems  
to have been established. Dark a r e a s  a t  the l imbs against  a black 
background appear i l lusorily as depressions,  another contributing 
factor to early views on the subject. 
L 
F r o m  his inability to detect  reliably mountain peaks illuminated 
beyond the terminator (a common observation for  the Moon), Lowell 
(1906) concluded that the maximum heights of Mart ian mountains 
were  about 0 . 8  km. 
(Tombaugh, 1961) se t s  the upper limit a t  8 km. Moreover, such 
calculations implicitly assume s teep  slopes;  a major  elevation with 
shallow slopes would escape detection by this technique (Russell,  Dugan, 
and Stewart, 1945). 
is  even more  difficult, especially i f  slopes a r e  shallow. 
the illuminated l imb would not be detectable (even a t  favorable opposition) 
a s  a departure f rom sphericity unless the elevation were  grea te r  than 
the limiting resolution, o r  some 40 km high. Thus, very l i t t le can 
be determined about elevations by these more -o r - l e s s  direct  obser- 
vations. 
However, a modern revision of this calculation 
Detection of elevations by the shadows they cast  
Elevations a t  
Such events a s  the seasonal darkening wave of the Martian dark  
a r e a s  have long been interpreted in t e r m s  of biological processes  
(Trouvelot, 1884; for a recent discussion, s ee  Sagan, 1966). By 
t e r r e s t r i a l  analogy one might expect the lowlands to  be w a r m e r  than 
adjacent highlands, apar t  f rom any effects  of albedo. 
there  i s  a biological premium for relatively high tempera tures  on chilly 
Mars ,  we might be tempted to  call  the da rk  a r e a s  lowlands. 
If we believe 
Related reasoning concerns apparent f r o s t  phenomena. Polar -cap  
mater ia l  i s  observed left behind in cer ta in  locales during the seasonal  
-2  - 
. 
regression of the cap, o r  is observed to advance preferentially in 
cer ta in  locales dur'ing the seasonal equatorward extension of the caps. 
These locales a r e  usually bright a r e a s ;  and cer ta in  standard features 
of Martian cartography (e. g . ,  the I '  Mountains of Mitchell") a r e  de- 
duced on these grounds alone (Slipher, 1962).  It is a l so  maintained 
(Slipher, 1962) that the f ros t  deposits seen on the morning l imb of 
Mars  tend to  be localized preferentially in bright a r eas .  Tombaugh 
(1966) has recently summarized some of the resu l t s  of his 35 years  
of visual observations of Mars .  
4 extension of the polar cap into such Martian bright a r e a s  a s  Hellas 
and Argyre a r e  c lear ly  seen (similar observations were  made by 
Lowell- see,  e.  g . ,  Lowell (1908), figure facing p. 74). A related 
phenomenon i s  seen in the last stages of regress ion  of the southern 
polar cap. The las t  remnant of the cap l ies  near  85" S. latitude, 
40" longitude, 
maps  of Dollfus (1961), this locale is a bright a r ea ,  while the south 
pole itself is dark.  It has  a l s o  been observed, since the t ime of 
Flammarion, that cer ta in  bright a r e a s  - e. g . ,  N ix  Olympica - have 
white clouds preferentially forming over them (Slipher, 1962; Dollfus, 
1961). Some of these apparent condensation phenomena usually occur 
i n  summert ime,  and a r e  sometimes explained in t e r m s  of the la rger  
quantities of a tmospheric  water vapor then available due to the spring- 
tirr.e vaporization of the polar cap (that the Martian atmosphere has 
a l a rge r  quantity of water  vapor in summer  i s  now known through the 
spectroscopic observations of R. Schorn e t  al. (1966) ). 
In his Plate  1, the preferential  
and is distinctly displaced f r o m  the south pole. In the 
*An.index of many Martian place names used in the present  paper 
appears  in the caption to Figure 3. 
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Both the biological argument and the apparent f ros t  phenomena 
argument hinge on the assumption that a r e a s  a t  higher elevation a r e  
a t  lower temperatures ,  especially near  midday. While such i s  sure ly  
the case for the Ear th ,  i t  does not follow that i t  is a l so  the case  for  
Mars ,  as  we now undertake to demonstrate. 
-4- 
2. ARE HIGHLANDS COLDER THAN LOWLANDS ON MARS? 
The elevations of the E a r t h a r e  cooler than the neighboring lowlands 
f o r  three principal reasons: (1) a diminished atmospheric  greenhouse 
effect, ( 2 )  the generally grea te r  inclination of elevations to the Sun's 
rays ,  and ( 3 )  the adiabatic cooling of r is ing a i r .  We discuss each of 
these factors in turn, in their Martian application. 
2. 1 Martian Greenhouse Effects 
Calculations of the extent of the atmospheric greenhouse effect 
on Mars  have been attempted in  the past (Sagan, 1961; Ohring, Wen 
Tang, and DeSanto, 1962), but with values of the total  p ressure ,  
and H20  abundances, and bolometric albedo that we now know to be 
incorrect .  We can easily see,  however, that any differential green- 
house effect must  be smal lon  Mars,  because the overall  greenhouse 
effect i s  small. 
1964) , the radiation equilibrium temperature  of Mars  - averaged 
seasonally and diurnally - i s  about 208" K. The disk-integrated micro-  
wave brightness tempera ture  of Mars  represents  a somewhat different 
average. The diurnal, and possibly the seasonal, thermal  waves a r e  
essentially damped a t  the effective emitting level for wavelengths long- 
ward of 3 cm. 
near  the subsolar point, the microwave brightness temperatures  must 
be  biased toward high temperatures.  Therefore,  the fact that these 
radio temperatures  a r e  never more than 1 0  KO hotter than the computed 
equilibrium temperature  (see,  e. g. , Dent, Klein, and Allen, 1965) 
shows that the absolute greenhouse temperature  increment is  smaller  
than 10 KO. 
pressions should therefore be at most  a few KO. 
culation of Appendix A confirms this conclusion more  directly. 
c02 
With a bolometric albedo A = 0. 29  (de Vaucouleurs, 
But since we always see a hemisphere of Mars centered 
The differential  contribution between elevations and de- 
The sample cal-  
-5-  
On the Earth,  in contrast ,  the total  greenhouse effect i s  some  
35 K " ,  and a differential  effect approaching 10  K" i s  not out of the 
question. 
2. 2 Mart ian Slopes 
The mean slope of an elevated and, especially, mountainous a r e a  
can affect its t empera ture .  
ra t io  of the total sur face  a r e a  of the elevated region to the a r e a  on a 
smooth sphere covering the s a m e  t e r r i t o ry ,  and the  g rea t e r  the a r e a  
over which the insolation i s  distributed. 
therefore  tend to  have a lower mean temperature .  
onto the elevations f r o m  adjacent inclines and lowlands will tend to 
reduce the tempera ture  differences due to  slope between elevations 
and depressions.  Thus the tempera ture  differences discussed he re  
will be upper l imits.  
slopes on t e r r e s t r i a l  mountains, namely water  erosion,  i s  certainly 
inoperative on contemporary Mars ,  because of the low par t ia l  and 
total p ressures .  Analysis of the radar  Doppler spec t ra  of M a r s  tends 
to confirm this view: the quasi-specular  half-width is generally smal l ,  
a t  l eas t  a t  12. 5 - c m  wavelength, and is not noticeably broader  in bright 
a r e a s  than in da rk  a r e a s  (Sagan, Pollack, and Goldstein, 1966).  The 
r ada r  data at  12. 5-cm wavelength imply genera l  slopes and random 
facets with inclinations of only a few degrees  (Sagan, Pollack, and 
Goldstein, 1966). If such inclinations, a, were  preferent ia l ly  present  
on highlands, the dec rease  in tempera ture  amounts to 
(1  COS^'^ a) Ts = (a Ts /8 ) ,  where Ts  is the tempera ture  of a nearby 
lowland surface normal  to the Sun's r ays .  
this difference i s  always l e s s  than 1 K " .  
slopes of 4 5 "  a r e  not uncommon in mountainous regions,  leading to 
The l a r g e r  the slope the g r e a t e r  is the 
The sloping regions will 
Infrared radiation 
The mechanism chiefly responsible for  s teep  
2 
F o r  a < 10"  and Ts  N 240"K, 
On the Ea r th ,  in contrast ,  
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temperature  differences due to slopes of some 2 5  K" . 
will be l e s s  than this, because of infrared radiation f rom adjacent 
a r eas .  
Actual values 
In the remainder  of this discussion, the Martian highlands a r e  
considered to correspond roughly to t e r r e s t r i a l  rr-ountain ranges and 
continents , and not to  isolated mountain peaks. Similarly,  lowlands 
correspond to the bottoms of oceans and bays, ra ther  than to the 
sma l l e r  scale  interalpine valleys. 
2. 3 Martian Heat Exchange With Adiabatically Cooled Air  
When parcels  of air move from low altitudes to high, they adiabatic- 
ally expand and cool, because of the reduced ambient pressure.  By 
exchanging heat (both radiatively and conductively) with the high-alti- 
tude surface,  such parcels  cool the highlands. If the Martian atmosphere 
is a t  a l l  dynamically s imi la r  to the t e r r e s t r i a l ,  the effective diffusivity, 
K 
The effective conductivity, K, for exchange between ground and atmos- 
phere,  is  then proportional to the density, p , of the atmosphere. We 
can then immediately anticipate that such heat exchange is  significantly 
l e s s  important on Mars  than on Ear th ,  because the density of the Martian 
atmosphere i s  only about 10 
phere available for heat exchange. 
= K / p  cp, will be a pressure-independent quantity (Goody, 1966).  
-2 that of the E a r t h ' s ;  there  is  l ess  atmos- 
In Appendix B we show that the cooling of highlands because of 
the expansion of r ising a i r  amounts to no more  than a few tenths of 
a degree.  
2.4 The Albedo Argument 
F r o m  the preceding analysis and Appendices A and B, we conclude 
that t he re  is no  reason to expect a substantial  daytime tempera ture  
difference (more  than a few degrees)  between highlands and lowlands, 
even i f  elevation differences - 12.  5 km a r e  commonplace. At night all 
t empera tures  will be below freezing - both in highlands and in lowlands - 
and will be determined in l a r g e  pa r t  by the thermal  inertia.  
radiometr ic  measurements  a r e  in accord with this view. The da rk  
a r e a s  have a daytime tempera ture  about 8 KO higher than the bright 
a r e a s  (Sinton and Strong, 1960). With contemporary values 
(de Vaucouleurs, 1964) of the br ight  a r e a  bolometr ic  albedo 5 0. 3 and 
the d a r k  a reas  bolometric albedo = 0 . 2 ,  and assuming equal infrared 
emissivi t ies ,  a noontime tempera ture  difference of about 10 KO between 
bright and dark a r e a s  i s  predicted.  
than the bright a r e a s  because they absorb m o r e  sunlight - and no ma jo r  
temperature  differences due to elevation differences a r e  permitted.  
Infrared 
Thus the da rk  a r e a s  a r e  w a r m e r  
- 8 -  
3 .  A REEXAMINATION O F  FROST DEPOSITS 
Let  us now reexamine the classical  arguments given a t  the begin- 
ning of this discussion. 
of the polar caps during their  springtime recession. 
discussion does not depend significantly on the composition of the polar 
caps, and the word "frost" will apply both to condensed water  and to 
condensed COz. Some of the f r o s t  w i l l  vaporize in sunlight; but i ts  
removal is limited chiefly by vertical  eddy and molecular diffusion 
and by horizontal advection. 
vaporization pe r  square centimeter is 
We f i r s t  consider the location of the border  
The following 
The relative rate  of mass  loss through 
where m i s  the m a s s  of f ros t  per  unit a rea ,  p(T)  is the vapor pressure  
above the frost ,  A z  i s  the vertical  height over which the vapor has been 
distributed by diffusion and winds, 
and T is the character is t ic  time for the vapor to move horizontally a t  
mean velocity a distance of 1 cm, and has  dimensions of seconds per 
centimeter.  
g is the acceleration due to gravity, 
We now want to determine the dependence of each quantity after 
the proportionality sign in equation (1 ) on the total atmospheric 
pressure ,  P. 
g rea t e r  a t  low p res su re  than at  high - a s  i s  the case on Earth.  F i r s t ,  
because of friction with the ground in the surface layers ,  the velocity 
increases  with altitude. Second, for no sources  o r  sinks, the equation 
of mass  continuity becomes V . ( p v )  = 0 . Consider a volume 
element whose walls a r e  fi t  to the c r e s t  and to the bottom edge 
There a r e  two reasons for the wind velocity to be 
.- - 
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of the highland ( see  Figure 1). Then, by the Gauss divergence theorem, 1 (pv), d z = const. The subscript  indicates normal  components. 
With shallow slopes (p v ) ~  ~ ( p v ) .  Taking v = v, a mean velocity in 
ver t ical  section, we find Pv = const, v P . Since we a r e  concerned 
with s ta t ic  and not dynamic pressures ,  we have used the m a s s  continuity 
equation, rather than the Bernoulli principle. 
- 
-1 
The vapor p re s su re  p(T) is independent of P and i s  a function of 
the temperature  alone. 
over both bright and dark  a r e a s  will be that of the f ros t  deposit. 
the caps a r e  partially transparent,  the net albedo of f ros t  plus sur face  
will be l e s s  a t  dark  a r e a s  than a t  bright a r eas .  
systematic variation of polar cap albedo with the albedo of the under- 
lying surface has  ever  been reported,  the albedo difference can c o r r e s -  
pond to a temperature  difference of a few degrees a t  most, with a 
correspondingly sma l l  influence on dm/dt.  
If the polar cap is optically thick, the albedo 
If 
Especially since no 
At the low p res su res  of Mars ,  it is  unclear whether Az is deter-  
mined by molecular diffusion o r  by eddy diffusion. In the fo rmer  case,  
Az a P- ' I2;  in the la t ter ,  A z  i s  inversely proportional to  a power of 
P grea te r  than I /2. We conservatively adopt Az o~ P-' '2. The 
total m a s s  of the f ros t  deposit, m, depends on the abundance of 
condensable vapor in the atmosphere at  the t ime of deposition. 
anticipate m a P, approximately. 
We 
Collecting results,  we then find 
1 d m  -512 
m dt - -E p(T) P 
An elevation and a depression on Mars ,  differing in  total  ambient 
p re s su re  by a factor of 2, but with the Same ra te  of polar cap r eg res -  
sion, would require a ra t io  of vapor p re s su res  of a factor 5. T h i s  
-10- 
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corresponds to a temperature  difference between highland and lowland 
of 15 K" if the polar caps a r e  H 2 0  (at  - 240" K), o r  12 K" if  they a r e  
C 0 2  [ a t  - 140" K (Leighton and Murray, 1966)l. Such temperature  
differences exceed inadmis sably the maximum temperature  difference 
of a few degrees deduced a t  the polar cap f rom a l l  causes,  albedo 
differences included. Thus, equation (2)  implies that where the total  
p re s su res  a r e  grea te r ,  the regression of f ros t  deposits will be m o r e  
sluggish. Hence, the preference of f ros t  deposits for bright a r e a s  
implies that bright a r e a s  a r e  lowlands. 
temperature  differences (and sma l l e r  p re s su re  differences) between 
highlands and lowlands generally prevail, and p(T)  will be the dominant 
factor in equation (2) ,  leading to the usual resul t  that  f ros t  vaporizes 
preferentially in lowlands. 
On the E a r t h  much l a rge r  
The summer  lightening of bright a r e a s  (Slipher, 1962) could be 
interpreted in a s imi la r  vein. 
albedo increases  a r e  due to f ros t  deposits. 
deposits of either H 2 0  o r  CO 
in s u m m e r  near local noon when the polar caps themselves have almost  
completely vaporized. 
dust (Sagan and Pollack, 1966) s eems  preferable.  
However, i t  i s  not c lear  that such 
It s eems  unlikely that 
f ros t  are made a t  middle latitudes 2 
An explanation in t e r m s  of fine windblown 
-12-  
4. OTHER METEOROLOGICAL EVIDENCE 
Since dust s to rms  a r e  observed to  a r i s e  in  bright a r e a s ,  and 
occasionally cover ma jo r  regions of the planet, i t  i s  difficult to  under- 
stand the present  visibility of the d a r k  a r e a s ,  i f  they were  lowlands 
(Rea, 1964); the s m a l l  par t ic les  of dust  should be preferent ia l ly  
ca r r i ed  by the winds into depressions.  
meteorological arguments  that support the character izat ion of the 
dark a r e a s  a s  e l e v a t i o n s .  
There  a r e  two additional 
When a yellow cloud evolves in  a bright a r e a  and i s  t ransported 
through the Mart ian atmosphere,  i t  sometimes obscures  adjacent 
da rk  a reas .  
r a r e ly  c rossed  by yellow clouds. 
However, the darkest  of the Martian da rk  a r e a s  a r e  very 
A striking example of this behavior is shown in Figure 2, taken 
f r o m  a recent  publication of Dollfus (1965). 
during the 1956 opposition when a dust s to rm of planet-wide propor- 
tions evolved. 
projection i s  seen in the upper drawing, based on observations made 
between 5 and 18 August 1956, before the dust s t o r m  arose .  
lower two drawings show the evolution and motions of yellow clouds 
between 19 August and 1 September 1956. 
bright a r e a s ,  Noachis on 1 9  August and Eridania-Electr is  on 25 August, 
and then spread. At no t ime i n  these drawings does the s t o r m  markedly 
cover  the major  adjacent da rk  a r e a s ,  the Maria  Cimmerium, Serenum, 
and Ery thraeum;  and i t  s e e m s  to have assiduously avoidedDepressio 
Helle spontica, making a 180 O turn around i t  between 24 and 26 August. Those 
d a r k  a r e a s  that a r e  covered5 suchas  Mare Australe ,  Pandorae Fre tum,  
These drawings were  made 
The usua l  appearance of the planet in  south polar 
The 
The s t o r m  a r o s e  in two 
Wells, 1966, descr ibes  these clouds a s  never t ransgress ing  the 
bo rde r s  of the da rk  a r e a s ;  close inspection of Figure 1 shows this to 
be  not quite the case .  
5 
% 
\ 
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and the region of Dawes' Forked Bay in Sinus Meridiani a r e  notable for  
their low contrast  o r  narrow extent. Similar  observations , including 
severa l  instances of the apparent deflection of a dust  cloud by a dark  
a rea ,  were recorded by Antoniadi (1930). The observations strongly 
suggest that the rilajor dark  a reas  constrain the possible paths of 
dust  s torms .  
winds along the lowlands - the northerly winds of the American Midwest 
a r e  said to be guided down the Mississippi Valley and Great Plains 
by the Rockies on the west and the Appalachians on the eas t  "as through 
a funnel" (Thompson and O'Brien, 1965). Alternatively, the dust 
par t ic les  will be ca r r i ed  only to a cer ta in  height before falling out; 
the particles remaining aloft will be ca r r i ed  by the vector component 
of the wind velocity along the long dimension of the depression, and 
the dust will appear to course through the lowlands. 
This might be accomplished by guiding the prevailing 
Wells (1 965) has attempted to  interpret  cer ta in  stationary condensa- 
tion clouds above Martian bright a r eas  in t e r m s  of elevation differences. 
These white clouds - occasionally seen in an alignment of two o r  three - 
tend to lie at the borders  of dark a reas ,  e. g. , a t  the boundaries 
between Edom o r  Deucalionis Regio and Sinus Sabaeus. 
non i s  attributed by Wells to a commonly observed occurrence on 
Ea r th :  Air r i s e s  over a bar r ie r  whose long axis l ies along the p re s su re  
gradient, adiabatically cools to the condensation point, and the conden- 
sa te  is then trapped in  a stationary o r  lee wave established on the lee 
side of the ba r r i e r .  If this explanation i s  correct ,  Wells emphasizes, 
it would follow that the dark  a reas  a r e  highlands. Because of the low 
water-vapor content of the Martian atmosphere,  and the relatively high 
surface temperatures  of the regions involved, t h e  implied eievaiicjn 
The phenome- 
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differences a r e  considerable - a scale  height o r  more .  
Wells'  interpretation seems sufficient, it is not known whether it is a 
necessary  condition for  the clouds in question, and i t  i s  possible that 
alternative meteorological interpretations exist. 
But while 
The meteorological evidence taken a s  a whole, however, is consistent 
with dark  a reas  as elevations. 
-1 6-  
5. RADAR EVIDENCE 
Confirmatory evidence that the da rk  a r e a s  a r e  elevations comes 
f rom the results of r ada r  Doppler spectroscopy of Mars  (Sagan, 
Pollack, and Goldstein, 1966) . 
wavelength wieih the Goldstone radar  facility of the Je t  Propulsion 
Laboratory. The quasi-specular component of the radar  re turn r e -  
so lved  sume 6 planetocentric degrees;  the diffuse component a r i s e s  f rom 
backscatter by the planet a s  a whole. 
reflectivity a r e  shown by the boxes in Figures 3 and 4 for the 1963 
and 1965 oppositions, respectively. 
the reflectivity reached a local maximum. 
The planet was observed a t  12. 5-cm 
Regions of high quasi-specular 
Circles  denote regions at  which 
It is  obvious f rom the figures that high radar  reflectivity i s  asso-  
ciated with optical dark a reas .  
t u re  variation (Sinton and Strong, 1960)  and the photometric and 
polar imetr ic  data (Dollfus, 1957) strongly suggest that both the bright 
and the dark a r e a s  a r e  a powder, with the bright a r eas ,  at  least ,  
composed partly of i ron  oxides (Dollfus, 1957). The radar  reflectivity 
of a planet increases  with increasing bulk dielectric constant, E, and 
with decreasing porosity of the surface layers.  
values of E in  the upper range of geochemically abundant materials.  
If the bright a r e a s  a r e  composed significantly of i ron oxides, their  
low radar  reflectivity implies a sizable porosity, consistent with other 
evidence for pulverized mater ia l  in these regions. 
the higher radar  reflectivity of the dark  a r e a s  by requiring either a 
g rea t e r  compaction of the powder in the dark  a r e a s  ( regardless  of the 
da rk  a r e a  composition), or a smaller  depth of powder in the dark 
Observations of the diurnal tempera-  
Iron oxides have 
We can understand 
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Figure  3. The 1963 radar  swath superposed on Dollfus' Mart ian car tog-  
raphy (map prepared  by the Space and Information Systems 
Division, North Amer ican  Aviation). The equator and ze ro  
meridian of longitude a r e  shown. 
paral le l  l ines i s  centered at 13P8 N. latitude, and is bound- 
ed by two lines represent ing the ground resolution of the 
quasi-specular component of the r ada r  reflectivity. The 
dark rectangles r ep resen t  regions of high total r a d a r  power 
reflectivity, and the c i r c l e s  r ep resen t  regions of relative 
radar  reflectivity maxima. Relevant fea tures  coded by num- 
ber and by le t te r  a r e  a s  follows: 
The middle of the three 
Mare Acidalium 
Aeria  
Am azo ni s 
Arabia 
Argyre 
Mare Australe  
Baltia 
Mare Boreum 
Mare Chronium 
Chryse 
Mare Cimmer ium 
Deucalionis Regio 
Deute r onilu s 
Edom 
Elysium 
Mare Ery th raeum 
Hellas 
Depressio Hellespontica 
(59) Is idis  Regio 
(60)  Ismenius Lacus 
(70) Sinus Meridianii  
(71) Moab 
(72)  Moeris  Lacus  
(75) Nepenthes 
(77) Niliacus Lacus 
(80) Nix Olympica 
(85) Ortygia 
(89) Pandorae F r e t u m  
(100) Sinus Sabaeus 
(104) Mare  Sirenum 
(109) Syr t i s  Major 
(113) Thoth 
(1 18) T rac tus  Albus 
(1 20) T r iv ium Charontis 
(E and F) Dawes' Forked  
Bay 
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Figure  4. The 1965 radar  swath superposed on Dollfus' Martian car to-  
graphy (map prepared by the Space and Information Systems 
Division, North American Aviation). The equator and zero  
meridian of longitude a r e  shown. 
parallel  lines is centered a t  21P6 N. latitude, and is bounded 
by two lines representing the ground resolution of the quasi-  
specular component of the radar  reflectivity. 
rectangles represent  regions of high total r ada r  power 
reflectivity, and the c i rc les  represent  regions of relative 
radar reflectivity maxima. 
in Figure 3. 
The middle of the three 
The dark  
The feature code i s  the same a s  
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a r e a s  ( s o  the radar par t ia l ly  sees  a region of higher dielectr ic  constant 
below). 
a r e  highlands . 
Either of these circumstances i s  plausible i f  the dark  a r e a s  
T h e r e  is  an  interest ing peculiari ty in the radar  resul ts .  F r o m  
Figures  3 and 4 we s e e  that the quasi-specular  maxima a r e  somet imes  
displaced by - 10" f rom the centroids of neighboring da rk  a r e a s .  
the correlation with d a r k  a r e a s  remains  excellent, this displacement 
is l a r g e r  than the anticipated e r r o r s  in the position of the sub te r r e s t r i a l  
point and in the cartography of Mars .  
Major exhibits a relative reflectivity minimum but i s  flanked by two 
local maxima. These apparent anomalies can be understood by a s -  
suming a net slope for  the dark  a reas .  When the slope is under the 
sub te r r e s t r i a l  point, the quasi-specular  reflection will not be toward 
the Ea r th ;  but when the sub te r r e s t r i a l  point i s  displaced f r o m  the d a r k  
a r e a  a number of planetocentric degrees  approximately equal to the 
mean slope, a strong quasi-specular  component will be detected. The 
geometry i s  i l lustrated in Figure 5, where we see  that the nea r  s lopes 
of elevations, but the far  slopes of depressions,  will contribute. In 
addition, a n  appropriate  two- dimensional alignment of a da rk  a r e a  
in the plane of the sky will lead to  an  enhanced quasi-specular  compo- 
nent. Assuming that dark  a r e a s  have a genera l  slope away f r o m  the i r  
borders  with the bright a r e a s ,  we expect proper  alignment when normals  
to the da rk  a reas  (in the plane of the sky) pass  through the sub te r r e s t r i a l  
point. 
Moeris Lacus a r e  well  oriented to  produce the local  r ada r  reflectivity 
maximum observed a t  275" longitude. 
l e s s  well aligned; fur ther ,  the required s lopes would be very s teep  
were  the f a r  s ides  contributing. 
lar c i rcumstances for  other  regions,  and especial ly  by the contours 
and satell i te bands of the r a d a r  Doppler spec t ra .  F o r  the f a r  s ides  
While 
In 1965,  for  example, Syrt is  
We see f r o m  Figure 3 that the near  s ides  of Syr t i s  Major and 
The far  s ides  of these a r e a s  a r e  
This conclusion is supported by s imi-  
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of dark  a r e a s  to contribute, in some cases  the resulting elevation 
differences would lead to s t r e s s e s  in excess  of the tensile and yield 
strengths of ordinary mater ia l s  (Sagan, Pollack, and Goldstein, 1966). 
We conclude that the near  sides of dark  a r e a s  a r e  responsible for  the 
displaced radar  maxima, and that the da rk  a r e a s  a r e  therefore high- 
lands. The reader  is r e fe r r ed  to the original paper (Sagan, Pollack, 
and Goldstein, 1966) f o r  fur ther  details .  
F o r  most of the dark  a r e a s  examined in the 1965 radar  swath, 
truncated tops a r e  excluded by the absence of a reflection maximum in 
the dark  area.  The radar  slopes and optical extents of the dark  a r e a s  
can then be used to  compute their  maximum and mean altitudes. 
ever,  a comparison of the 1963 and 1965 resul ts  (Figures  3 and 4) 
indicates that major  dark  a r e a s  such a s  Syrt is  Major may have trun- 
cated tops. 
of materials. The following general  picture (Sagan, Pollack, and 
Goldstein, 1966)  then emerges  of the relief on the planet Mars:  Some 
regions that character is t ical ly  exhibit prominent secular  changes have 
very shallow slopes ( 1  to 2" ) and ridge heights 
adjacent deserts.  
but ridge heights of the s a m e  order .  
much higher altitudes, 10 to 20 km. 
inconsistent neither with optical searches  for  elevations a t  the limb, 
nor with the tensile and yield strengths of ordinary mater ia l s  under 
the reduced Martian gravitation. The result ing picture is s imi l a r  to 
that expected for the Ear th ,  were  the oceans removed, the effects  of 
water erosion eliminated, the relief amplified by the rat io  of the 
gravitational accelerations on the two planets , and the surface then 
covered with fine dust. 
blocks, and the bright a r e a s  to  dry, dust-filled ocean basins.  
How- 
This i s  again consistent with arguments f rom the strengths 
-6 km above the 
Classical  canals have s teeper  slopes (>3 to  4") 
Principal  dark  a r e a s  may have 
These  elevations and slopes a r e  
The dark  a r e a s  a r e  s imi l a r  t o  continental 
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I 
Because of the homogeneity of Mars  and i t s  smal l  magnetic field, 
a s  determined by Mar iner  4 (Smith -- e t  al. , 1965; O'Gallagher and Simpson, 
1965; Van Allen -- e t  a l . ,  1965), these conclusions bear  adversely on 
those theories of continental origins that depend on the existence of a 
liquid planetary core.  
naturally to a quantitative inorganic model of Martian seasonal and 
secular  changes, discussed elsewhere (Sagan and Pollack, 1966; Rea, 
1964). 
The elevation differences and slopes lead 
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6. APPLICATIONS TO SURFACE PRESSURES ON MARS 
The proposition that the dark  a r e a s  a r e  highlands can help explain 
an  apparent discrepancy between the surface p re s su re  as determined 
by the Mariner  4 occultation experiment and a s  determined by recent  
infrared spectrometr ic  observations. 
Cain, and Levy, 1966) a t  a latitude of 50P5 S. and a longitude 183" W. 
and the differential refract ion observed implied (Kliore e t  al. , 1965) 
a sur face  pressure  of 4 .9  f 0 . 8  m b  if  the atmosphere is composed only 
Immersion occurred (Kliore , 
6 
of C02 ,  and 6 . 0  f 1.0  mb for  an atmosphere composed of 5070 C 0 2  
and 5070 N2 and Ar .  
An occultation measurement  of p re s su re  is necessar i ly  biased 
toward high elevations. 
mean surface, and a l so  a line of sight tangent both to the elevation 
and, a t  point 0, to the mean sphere (see Figure 6). If the elevationis 
a horizontal distance xmaX o r  l e s s  f rom 0, the line of sight will inter-  
cept the elevation ra ther  than the mean sphere.  
Consider a highland of elevation, h, above the 
W e  readily find that 
X = (2 R$h) 112 
max J (3)  
3 
The effective height, heff, above 
provided h << 2 R$, where R$ is the planetary radius,  3. 3 x 10 
When h = 1 0  km, x 
point 0 intercepted by the line of sight when x 5 x 
km. 
= 250 km. max 
is max 
A misprint  in the original announcement (Kliore e t  al. , 1965) put this 
latitude a t  55" S. 
6 
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R +  h 
R + h  
Figure  6a. 
F igure  6b. 
F igure  6. Occultation geometry in the vicinity of an elevation. 
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2 2  ) = h - ( x  2 /2R$) . 
= h (1 - x  /xmax he f f  
(4) 
When x = x 
cussed above lie within about 150 k m  of the nominal occultation tangent, 
0, and along the line of sight, the Mar ine r  4 p r e s s u r e s  will r e f e r  to 
some significant fraction of a scale  height above the mean surface.  
The actual  surface p r e s s u r e s  will be a factor  - 2 higher,  assuming 
the Mar ine r  4 occultation scale  height of 9 f 1 k m  (Kliore -- e t  a l . ,  1965). 
/ 2 ,  heff = 3h/4.  Thus, if elevations of the o rde r  d i s -  max 
The immers ion  nominal surface tangent i s  shown in F igure  7 ;  i t  
i s  within three planetocentric degrees  of an extension of Mare  Chronium. 
The canal  Ascanius (Antoniadi, 1930) is a l so  nearby. Thus, since the 
immers ion  nominal tangent l i es ,  within the e r r o r s '  of Mar t ian  car tog-  
raphy, a few hundred k i lometers  f r o m  both bright and da rk  a r e a s ,  the 
occultation p res su re  will be anomalously low, r ega rd le s s  of whether 
bright a r e a s  o r  dark a r e a s  a r e  highlands. 
The emersion nominal sur face  tangent i s  shown in F igure  8; i t  
in tercepts  Mars  a t  60" N. latitude, 34" W. longitude. While this locale 
has  been described (Kliore, Cain, and Levy, 1966)  a s  in Mare  Acidalium, 
inspection of Figure 8 - based  on the 1965 visual  observations by Focas  
(1966)  - reveals that the tangent l ies  within a br ight  a r e a ,  a pass  connect- 
ing the Ortygia and Baltia dese r t s .  
(approximately a fewdegrees)  emers ion  s e e m s  to have occurred  in a br ight  
a r e a  adjacent to dark  a r e a s .  Again the occultation p r e s s u r e s  must  be 
biased toward low values.  Note that re la t ive  t o  the mean  spheroid 
of M a r s  i t  is entirely possible that immers ion  occur red  over  higher 
elevations than emersion.  
Thus,  within the car tographic  e r r o r s  
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F i g u r e  7. Pos i t ion  of the i m m e r s i o n  nominal  tangent of the M a r i n e r  4 
occul ta t ion exper iment  on the su r face  of M a r s .  
of the tangent is shown by the dot and the d i rec t ion  of the 
spacec ra f t - to -ea r th  line of sight is  shown by the l ine,  300 km 
long. 
ject ion of the Internat ional  As t ronomica l  Union M a r s  ca r tog -  
raphy i s  M a r e  Chronium. 
The posi t ion 
The n e a r e s t  m a j o r  d a r k  a r e a  in this south polar  p r o -  
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Figure  8. 
1 1 . *  
, "";"" 
i 
z 
Posi t ion of the e m e r s i o n  nominal  tangent  of the M a r i n e r  4 
occultation expe r imen t  on the s u r f a c e  of M a r s .  
of the tangent is shown by the dot  and the d i r e c t i o n  of the 
s p a c e c r a f t - t o - e a r t h  line of s igh t  i s  shown by the l ine,  300 k m  
long. In this 1965 m a p  of M a r s  p r e p a r e d  by D r .  J. H. F o c a s  
the tangent lies in a channel  th rough the m a j o r  d a r k  a r e a  
Mare  Acidal ium. 
The  posi t ion 
-30 - 
The emersion p res su re  is 8.4 f 1. 3 m b  for pure C 0 2  (Kliore, 
Cain, and Levy, 1966) and about 9 f 1. 3 m b  fo r  50% C 0 2  and 
50% N 2  and Ar .  The difference between emers ion  and immers ion  
p res su res  i s  then 3 to  3. 5 mb, l a r g e r  than the maximum combined 
e r r o r s .  The difference is, however, smal l  enough to be accounted 
for  easily by differences in local relief along the nominal surface 
tangents, regardless  of whether bright a r e a s  or  dark  a r e a s  are high- 
lands. A barely significant difference was recorded between the effec- 
tive planetary radi i  a t  immersion and emersion (Kliore, Cain, and 
Levy, 1966); however, a s  the experimenters themselves point out, when 
allowance is made for the oblateness of Mars  ( immersion and emersion 
occurred at different latitudes), no significant altitude difference re- 
mains. 
difference l ies  within the probable e r r o r  of measurement.  
The altitude difference corresponding to the observed p res su re  
The most  recent ground-based technique for determining Martian 
surface p re s su re  has been curve-of-growth analysis of near- infrared 
C 0 2  bands (see,  e. g . ,  Chamberlain and Hunten, 1965; Cann -- e t  a l . ,  
1965). The CO abundance can be determined f r o m  a weak-line 
band, 
line band. 
observations led to surface pressures  ranging between 13 and 3 3  m b  
(see Cann -- e t  a l . ,  1965). 
occultation p res su res ,  data f rom the 1965 opposition have been r e -  
duced. These resul ts  a r e  remarkably uniform (see,  e .  g . ,  the resul ts  
discussed in Brown e t  al. , l 9 6 6 ) ,  yielding surface p re s su res  mb, 
which a r e  consistent with the immersion occultation p res su res  only 
by stretching the probable e r r o r s .  
2 
and the product of abundance and total p re s su re  f rom a strong- 
P r i o r  to the 1965 opposition a variety of spectrometr ic  
Subsequent to the announcement of the 
-5 
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The spectrometr ic  p re s su re  determinations generally r e fe r  t o  
some average of the bright and dark  a r e a s  intercepted by the slit.  
have already seen that the occultation resul ts  a r e  biased toward the 
p re s su res  a t  elevations. We hypothesize that the difference between 
occultation and spectrometr ic  p re s su res  is  attributable to  this cause. 
We 
The globes at the bottoms of Figures 3 and 4 show the appearance 
of Mars  when the subter res t r ia l  point l ies  at  Martian latitude 
At the 1963 opposition the subter res t r ia l  point lay a t  134 8; 
21; 6. 
bright a r e a s  on the disk of Mars  - on the average about 7570 of the 
a r e a  of the disk, and occasionally (see right-hand globes) as much a s  
9070. 
1965 opposition, owing to the increased prominence of the Mar ia  
Acidalium and Boreum, and the north polar dark  a r e a s ,  the proportion 
of bright a reas  was often less .  If the bright a r e a s  a r e  lowlands, some 
of the difference between the pre-1965 and post-1 965 spectrometr ic  
results may be due to the relative configuration of markings on the 
planetary disk during the observing periods. 
15" N. 
a t  1965, 
During the 1963 opposition, there  was a vast  predominance of 
At no other  opposition i s  this proportion la rger .  During the 
The mean p res su res  in bright and dark  a r e a s  will now be estimated. 
- 
The spectrometr ic  pressure ,  P, a mean over bright and dark  a reas ,  
can be written for the 1963 and 1965 oppositions a s  
- 
P - 0 . 7 5  Pb t 0 . 2 5  Pd , (5) 
where P and P a r e ,  respectively, the mean  p r e s s u r e s  of the bright 
and dark a reas ,  A conservative average fo r  these two oppositions is 
P 12 mb. F r o m  the occultation measurements  , a typical highland 
b d 
- 
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pres su re  (both immersion and emers ion  were  in border  a r e a s )  is  
6 mb. Adopting our thesis that da rk  a r e a s  a r e  highlands, we find 
P - 6 m b  
P 1 4 m b  . 
d 
b 
These a r e  mean p res su res  for dark  and bright a r eas .  
9-km sca le  height, the corresponding altitude difference i s  about 8 km, 
in good agreement with the radar results.  
Assuming a 
If the bright a r e a s  a r e  a s  deep a s  the dark  a r e a s  a r e  high, their  
lowest reaches should be another 4 km below the mean level of the 
bright a reas .  
centers  of extended bright a r eas  - a r e  22 mb. 
between the highest elevations and the lowest depressions would then 
be 16 km, Had 
we weighted the 1963 spectrometr ic  p re s su res  a t  all,  g rea te r  altitude 
differences would result. 
l e s s  reflective to radar  than a r e  the dark  a reas ,  a continuing down- 
ward slope in the bright a r eas  away f rom the dark-area boundaries - 
a s  in t e r r e s t r i a l  ocean basins - i s  not excluded by the radar  data. 
Since the bright a r e a s  have greater  extent than the dark  a r e a s  on Mars ,  
gentler slopes will achieve the same  elevation differences. 
The corresponding p res su res  - presumably a t  the 
The elevation difference 
consistent with yield and tensile strength restraints .  
Because the bright a r e a s  a r e  intrinsically 
More reliable recent polarization measurements  support this 
conclusion. F r o m  Dollfus' new data, i t  can be shown that the contri- 
bution of atmospheric particulate mat ter  to polarization in the visible 
i s  smal l ;  the resulting surface p re s su res  near  the center of a bright 
a r e a  a r e  16 mb for a pure C02 atmosphere,  19 m b  for an atmosphere 
50% C 0 2  and 50% N2, and 25 m b  for  a pure N 2  atmosphere (Pollack, 
1966). 
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The possibility of p re s su res  in excess of 15 m b  at  cer ta in  locales 
on Mars  is of substantial in te res t  to  designers of spacecraf t  intended 
for soft landings. 
with ball ist ic entry and parachutes f o r  achieving low te rmina l  velocities , 
the density of the Martian atmosphere has  a cr i t ical  influence on the 
allowable scientific payload. 
a virtual discontinuity occurs  in the useful aerodynamic drag (see,  e. g. , 
Levinthal, 1966); and below 6 m b  the allowable scientific payload 
vanishes. In the 15- to 20-mb range, on the other hand, f r o m  20 to 
50% of the entry mass  is utilizable for science with terminal  veloc- 
i t ies between 30 and 80 f t / s ec  (Levinthal, 1966). These considerations 
suggest that the s i tes  for soft landing on Mars  most  favorable f rom 
an  engineering standpoint a r e  the centers  of major  bright a r e a s  re la-  
tively uncontaminated by dark  a r e a s  - e. g. , Elysium, Hellas, Arabia, 
and Tractus  Albus. 
landing-site recommendations (Swan and Sagan, 1965) based on scien- 
tific interest  in the dark  a r e a s .  
Fo r  Saturn 1B-Centaur o r  Titan 3C c lass  missions,  
In the vicinity of 1 0-mb surface p r e s s u r e  
This suggestion i s  a t  variance with previous 
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7. THE OBLATENESS OF MARS 
It has been recognized f o r  some t ime that the dynamical oblateness 
of Mars ,  a s  measured by the advance of the line of apsides of the 
Martian satellites, Phobos and Deimos, is  inconsistent with the optical 
oblateness, a s  measured  with f i lar  and double-image micrometers  and 
a l so  photographically. The dynamical oblateness is 0.0052, while a 
recent weighted mean of the optical oblateness i s  0.0105 f 0.0005 
(de Vaucouleurs, 1964). The optical oblateness corresponds to a 
difference between equatorial and polar radi i  of 36 km; only about half 
of this i s  accounted for  by the dynamical oblateness. 
With 10-mb mean surface p re s su re  and a Rayleigh scattering 
atmosphere it is easy to show that, a t  the limb, the brightness of 
scattered light in  the yellow from atmospheric regions several  scale 
heights up is comparable to the surface brightness of the planet. 
we expect the equatorial scale height to exceed the polar scale height, 
the optical oblateness measured in the usual way can be attributed a l -  
mos t  entirely to such atmospheric effects. However, a separate  
measu re  of the oblateness of Mars  was made by Trumpler  (1927), 
who followed photographically the paths demarcated by Martian su r -  
face features  over the disk as  the planet rotates. 
determined by this method, which is essentially independent of atmos - 
pheric scattering, is 0. 0108, coincidentally in good agreement with 
the resul ts  of other optical techniques. Trumpler ' s  oblateness re fers  
then to  t h e  actual_ f i g l ~ r e  gf t h e  planetary s ~ r f z c 2 ,  aiid the discrepancy 
of his resul t  with the dynamical oblateness must  be explained. 
Since 
The oblateness 
A remarkable  suggestion has been advanced by Urey (1950, 1952): 
"If continental blocks exist in the equatorial regions and not at the poles, 
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and i f  hydrostatic equilibrium obtains, an  equatorial  bulge would be 
produced which would appear  [in measurements  of the optical oblate- 
ness]  but would be undetected by the moons' motions, " 
moons recognize only the mean  oblate spheroid. (Also optical diameter  
measurements suffer the s a m e  bias to  peaks that the occultation experi-  
ment does. ) Urey then went on to re ject  the hypothesis in the following 
t e rms :  "But.. . such high plateaus o r  mountains (some 15  km high) 
even in the tropical regions should be covered by snow a s  on earth,  
and such regions a r e  not observed. Also, the seasonal  changes in 
color in the tropics so suggestive of plant life argue against such high 
regions. " 
because the 
We have seen, however, in the early par t s  of the present  discussion 
that elevations a r e  not expected to  be sensibly cooler than depressions 
on Mars.  The dark  a r e a s  of Mars  tend to concentrate near  equatorial  
latitudes (see Figures  3 and 4), and elevation differences between major  
dark  and bright a r eas  in the 10 -  to 15-km range have been deduced f r o m  
severa l  lines of evidence. 
equatorial  elevations, and while there  a r e  other significant influences 
on the figure of Mars,  we believe that Urey 's  explanation of the dis- 
crepancy between dynamical and optical oblateness now has some 
measure  of observational support. 
While the ent i re  effect may not be due to 
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8. APPLICATIONS TO LIFE O N  MARS 
The foregoing resul ts  may have some relevance to the possibility 
Conceivable advantages of the dark  a r e a s  a s  habitats of life on Mars.  
a r e  their  slightly higher daytime temperatures  ("8 C" ), and the dimin- 
ished probability of burial  by drifting dust. On the other hand, i f  
bright a r eas  a r e  lowlands, more  water will precipitate out at  night 
(because of the increased pressure  for a constant mixing rat io) ;  and the 
precipitated water would survive daytime vaporization longer, because 
of the lower mean wind velocity in the lowlands. 
Perhaps the most  important biological difference between bright 
a r e a s  and dark  a r e a s  concerns the stability field of liquid water. 
triple-point p re s su re  of water is jus t  under 6 mb. 
data suggest, 6 m b  is a typical dark  a r e a  pressure ,  liquid water may 
be generally unavailable in Martian dark  a reas .  In bright a r e a s  on the 
borders  of dark  a r e a s  the liquid range of water i s  0" to about 13' C. 
F o r  bright a r e a s  near  the equator, this temperature  range i s  experienced 
for  about 1 hour, twice a day (Sinton and Strong, 1960).  In the centers  
of bright a reas ,  where P = 20  mb, the liquid range is 0" to about 18" C 
and for equatorial  regions occurs for somewhat under 2 hours, 
a day. 
s eems  much more  likely in bright a r e a s  than in dark. 
s e e m  much m o r e  accessible  for soft landings, the centers  of extensive 
Martian bright a r e a s  a r e  the preferred s i tes  for in si tu biological 
investigations of Mars.  
The 
If, a s  the occultation 
twice 
Thus Martian surface biology based on aqueous biochemistries 
Since they a l so  
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9. SUMMARY 
Observations of apparent f ros t  phenomena occurr ing preferent ia l ly  
in  the Martian bright a r e a s  has, in  the past, led to the conclusion that 
the bright a r e a s  a r e  elevations. The argument hinges on the assumption 
that near  midday highlands should be colder than lowlands. 
Ea r th  this  assumption is valid because the highlands experience (1)  
diminished greenhouse effect, (2)  a g rea t e r  inclination of sur faces  to 
the Sun's rays ,  and ( 3 )  turbulent mixing and radiation exchange be-  
tween the surface and adiabatically cooled rising air. 
lower p re s su re  and m o r e  shallow slopes on Mars ,  these fac tors  together 
cool the highlands by a t  mos t  a few KO . 
previously drawn, the polar cap recess ion  data suggest the da rk  a r e a s  
a r e  highlands, because of the g rea t e r  wind velocit ies and frost-vaporization 
ra tes  anticipated f o r  highlands. 
support this conclusion. 
On the 
Because of the 
Contrary to  the conclusions 
A variety of meteorological observations 
F r o m  the quasi-specular  component of the r a d a r  power reflectivity, 
and f rom the r ada r  Doppler spectra ,  both a s  a function of Mart ian 
longitude, the Mart ian da rk  a r e a s  a r e  found to have systematical ly  
higher elevations than the adjacent bright a r e a s .  
degrees  a r e  deduced, and elevation differences up to  17 km a r e  inferred.  
These slopes and elevation differences a r e  s imi l a r  to those expected 
for the E a r t h  i f  oceans and water e ros ion  w e r e  removed, and rel ief  
amplified by the rat ios  of the gravitational accelerat ions on the two 
planets. 
tensile strengths of common mater ia l s ,  and with unsuccessful s ea rches  
for elevations a t  the Mart ian terminator .  The concentration of dark  
highlands near the Mart ian equator may help explain the discrepancy 
between the dynamical and the optical oblateness of Mars .  
Mean slopes of a few 
These elevation differences a r e  consistent with the yield and 
- 3 8 -  
The resu l t s  bear  on the discrepancy between ground-based in- 
f r a r e d  spectrometr ic  and Mariner 4 occultation values of Martian 
surface pressures .  
average over bright and dark  areas .  
a r e  necessar i ly  biased toward elevations; both ingress  and e g r e s s  oc- 
cur red  i n  o r  v e r y  nea r  dark areas.  
as typical of highlands, predicted p res su res  in the centers  of prominent 
bright a r e a s  a r e  -20 mb, permitting parachute landings of relatively 
modest spacecraf t  a t  these locales. The higher p re s su res  deduced for 
bright a r cas  make thcm thc prcfcrred localcs for liquid watcr on Mars  
(for a few hours a day), and therefore the preferred s i tes  for living 
sys tems based on aqueous biochemistries. 
The infrared p res su res  (-12 mb) re fer  to an 
The occultation p res su res  (-6 mb) 
Taking the occultation p res su res  
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APPENDIX A 
DIFFERENTIAL GREENHOUSE EFFECT BETWEEN 
HIGHLANDS AND LOWLANDS 
We wish to  calculate roughly the temperature  difference, AT, 
between highland and lowland due to the differential greenhouse effect 
on Mars .  Radiation balance 
4 T4 t (1 - f )  TA = e 
a t  the surface gives 
T4 J 
S 
when Te  i s  the effective planetary temperature  (calculated f rom the 
so la r  constant and Martian bolometric albedo), TA i s  the radiation 
temperature  of the atmosphere,  and T is the surface temperature.  
The fraction of the surface emission to  space that fa l l s  in window 
regions i s  f .  Since TA = T E T t AT, Taylor s e r i e s  expansion 
of equation (A-1) gives AT cc (1 - f ) .  Because of the low water vapor 
abundance and low surface pressure  on Mars ,  the infrared atmospheric 
opacity i s  governed by the 15-cl C02  band. 
band S A  (15 cl) dv is  then 
S A  
Burch, and Williams (1955). Scaling f rom the greenhouse results of 
Ohring, Wen Tang, and DeSanto (1962) to contemporary values of 
P -  10  mb, and w 
The differential greenhouse effect between elevations and depressions 
with an  atmospheric  p re s su re  difference of a factor 2 is then 
consistent with our expectation f r o m  the microwave observations. 
S 
S e 
The equivalent width of this 
(1 - f )  a AT. The dependence of 
V 
( 1 5 ~ )  d v  on p r e s s u r e  and C 0 2  abundance is discussed by Howard, 
V 
- 60 m-atm, we derive a value of AT - 8. 5 KO. 
co2 
1. 3 KO , 
A- 1 
APPENDIX B 
COOLING O F  MARTIAN HIGHLANDS BY RISING AIR 
We wish to compute the cooling of highlands on Mars  due to energy 
exchange between the highlands and adiabatically cooled parcels  of 
rising a i r .  
both when there is a prevailing wind and when there  is not. 
This energy exchange is due to turbulent mixing and radiation, 
Consider a parce l  of a i r  rising over an elevation (a  mountain range, 
say, o r  a continental block),as shown in Figure 1. 
v, c a r r i e s  the pzrcels  along the s t reamlines ,  a s  illustrated. The 
ra te  of heat loss,  dh/dt, pe r  unit a r e a  of elevation, in heating the 
overlying atmosphere,  equals the heat gained by those parcels  of 
air above the elevation, divided by the t ime these parcels  spend over 
the elevation: 
The wind velocity, 
The factor c (Te - Ta) is the heat gained i n  the energy exchange by a 
P 
unit m a s s  of atmosphere;  c is the specific heat at constant p re s su re ;  
and Te  - T is the mean  temperature  difference between an  average 
locale on the elevation and the adjacent a i r  - cooled due to adiabatic 
expansion up the slopes of the elevation. 
P 
a 
The factor P po D is the total 
riiaSd of atiiiosplierc tlie e:evation (for rLlo&rate w;iicli 
participates in  the heat  exchange. 
that participates in the exchange during the character is t ic  time of 
the problem is D, and the density of a i r  near  the ground, p The 
The thickness of the boundary layer  
0' 
B- 1 
fraction of the atmosphere above the elevation that a t  any given t ime 
participates in adiabatic expansion and moves a c r o s s  ( r a the r  than 
along) the elevation i s  p. 
The character is t ic  time of the problem is t. In the case  of forced 
convection at prevailing velocity, 
In the case  of f r ee  convection, t is the t ime scale for  efficient radia-  
tive and conductive exchange between the surface and the boundary 
layer.  Approximately for ,  both cases ,  D t. On Mars  the principal 
v, up a slope of slant length a, t = 2a/v. 
radiative exchange between atmosphere and surface is in the 15-p CO 2 
band; the solution of the corresponding radiative relaxation t ime prob- 
lem leads to a proportionality constant between D and t of the order  
unity in  cgs units for  a pure C02  atmosphere at 3-mb p res su re  (Goody 
and Belton, 1966).  (Calculation of D / t  can be made f rom the relations 
found in Goody (1964). ) F o r  more  probable Martian COz abundances 
and total p re s su res  , this constant is c loser  to 1 /2 .  
(B- I )  may be rewrit ten a s  
Thus, equation 
and the ra te  of heat exchange i s  seen to  vary a s  p 
0' 
-1 The value of c i s  approximately 0.  2 ca l  gm for a mixture 
P 
of C 0 2  and N2 a t  Martian temperatures  and p res su res ,  and is very  
insensitive to changes in any of these parameters .  
su re  halfway up the elevation to be 10 m b  ( see  discussion of p re s su res  
above), then po = 2 X 10 gm c m  . 
If we take the p re s -  
-5 -3  
The maximum elevation difference that can be supported on Mars  
is  2 5  km (Sagan, Pollack, and Goldstein, 1966). If we take half 
B -2 
this a s  an upper limit to the mean elevation differences, and the stand- 
a r d  dry  adiabatic lapse ra te  for Mars  of 
that  the a i r  a t  the altitude of elevations will ( in the absence of the ele- 
vation) be a t  most some 50 KO cooler than the a i r  a t  the altitude of 
depressions.  Pa rce l s  
beginning a t  higher elevations have l e s s  steep s t reamlines  ( see  Figure 
l ) ,  and consequently experience l e s s  adiabatic cooling on rising. Not 
a l l  the atmosphere overlying the elevation will participate in the flow, 
and the prevailing winds will not flow a l l  the time. 
-3.7 KO km-' , we find 
The upper l imit  to Te -Ta is  then = 50 K". 
Thus, 
1 0 ° K I ~ ( T e - T a ) 1 5 0 K o .  
With the above numbers, we find 
- 2  -1 - 2  -1 Zx10e5 cal  c m  sec  I 1 x cal  c m  sec  . (B-2) d t  - 
We can compare this heat exchange between atmosphere and elevation with 
S ,  the energy absorbed by an area with the Martian bolometric albedo = 0. 3 
-2  -2 -1 (de Vaucouleurs, 1964) when the sun is directly overhead: S 1 0  cal  cm sec  . 
The temperature change AT that resul ts  i s ,  through the Stefan-Boltzmann law, 
given by (T -AT) 
surface temperature.  Thus, 
4 T4 -(S-l  dh/dt) T4, where T - 200" K is  a typical Martian 
1 AT 1 4  (dh/dt)  (T/S)  , (B - 3 )  
and, f r o m  equation (B-2), 
0 . 1  KO I AT 5 0. 5 KO (B -4)  
for  Mars .  On the earth,  AT can be sizable, because p is s o  much 
la rger .  
0 
B-3 
These calculations of cooling due to adiabatic expansion and heat 
exchange have assumed a zero  solar  zenith angle. 
elevations, S cc cos 0, where 8 is the angle between the line of sight 
to the sun and the local planetary normal. Thus, throughout most  of 
the day the influence of cos 8 on AT i s  a factor  - 2. 
the conductive flux f r o m  the subsurface will establish a surface tem- 
perature  of 150 to 200" K (Sinton and Strong, 1960)  corresponding to a 
- 3  -2 -1 
f l u x  - 10 cal  c m  sec  While atmospheric heat exchange becomes 
relatively more important a t  night, the nighttime temperature  regimes 
a r e  dominated by the thermal  inertia and not by heat exchange with 
the atmosphere. 
F o r  other solar  
As night approaches, 
B - 4  
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